Inflammation plays a pivotal role in peripheral artery disease (PAD). Cellular adhesion proteins mediate the interaction of leukocytes with endothelial cells during inflammation. To determine the association of cellular adhesion molecules with anklebrachial index (ABI) and ABI category ( 1.0 vs >1.0) in a diverse population, 15 adhesion proteins were measured in the Multi-Ethnic Study of Atherosclerosis (MESA). To assess multivariable associations of each protein with ABI and ABI category, linear and logistic regression was used, respectively. Among 2364 participants, 23 presented with poorly compressible arteries (ABI > 1.4) and were excluded and 261 had ABI 1.0. Adjusting for traditional risk factors, elevated levels of soluble P-selectin, hepatocyte growth factor, and secretory leukocyte protease inhibitor were associated with lower ABI (P ¼ .0004, .001, and .002, respectively). Per each standard deviation of protein, we found 26%, 20%, and 19% greater odds of lower ABI category (P ¼ .001, .01, and .02, respectively). Further investigation into the adhesion pathway may shed new light on biological mechanisms implicated in PAD.
Introduction
Peripheral artery disease (PAD) affects approximately 8.5 million Americans over the age of 40 years. 1 The vast majority of patients with PAD are asymptomatic and the most commonly used diagnostic tool is the ankle-brachial index (ABI), a ratio comparing ankle with arm systolic blood pressures. Although PAD is traditionally defined by an ABI of less than 0.90, a large meta-analysis indicated that ABI values between 0.91 and 1.0 were associated with increased cardiovascular disease (CVD) mortality compared to ABI > 1.0. 2 Within the Multi-Ethnic Study of Atherosclerosis (MESA), ABI < 1.0 was significantly associated with incident CVD and with prevalence of subclinical atherosclerosis. 3, 4 An ABI 1.0 reflects a reduced blood pressure in the legs, primarily due to atherosclerotic plaques partially obstructing the arterial lumen. As atherosclerosis is a systemic disease, individuals with PAD are more likely to present with concomitant coronary and carotid atherosclerosis. [4] [5] [6] Consequently, low ABI can be considered a marker of overall atherosclerotic burden and is a strong predictor of cardiovascular and all-cause mortality.
Inflammation plays a pivotal role in the initiation and progression of PAD. 8, 9 Elevated levels of inflammatory markers are associated with increased incidence, severity, and prognosis of PAD, independent of traditional risk factors. [10] [11] [12] [13] In contrast, a previous study conducted in MESA found a limited association between inflammation and PAD.
14 However, the cellular adhesion pathway has been associated with PAD in multiple reports 10, 13, 15, 16 and includes molecules such as intercellular adhesion molecule (ICAM-1) and vascular adhesion molecule (VCAM-1), proteins of the selectin family as well as a variety of secretory proteins with regulatory functions.
While previous cohort studies have explored the association of inflammatory biomarkers belonging to different biological pathways with various cardiovascular end points, [17] [18] [19] only a limited number of proteins in the adhesion pathway, namely, ICAM-1 and VCAM-1, have been studied in the context of longitudinal studies investigating PAD risk. 10, 15, 20 Furthermore, studied populations were predominantly white. Based on prior evidence provided by in vitro and in vivo studies, we selected a panel of soluble cellular adhesion pathway proteins that have been shown to have a role in atherosclerosis, and we tested their association with ABI and ABI category in a large, Multi-Ethnic population. A comprehensive assessment of the relationship between novel and known components of the cellular adhesion pathway and PAD in a Multi-Ethnic population may shed new light on the importance of this particular phase of inflammation in CVD.
Methods

Study Population
The MESA enrolled African, Chinese, Hispanic, and nonHispanic white Americans, with no history of CVD in order to investigate subclinical and clinical CVD in a large and diverse population. The MESA has been described in detail elsewhere 21 and information regarding data access is available on the MESA website (http://www.mesa-nhlbi.org). In order to measure a large number of circulating adhesion proteins in a representative sample of the MESA population, a stratified random sample including 720 individuals for each of the 4 races/ethnicities were used (n ¼ 2880). This subgroup was randomly generated from exam 1 participants who gave consent for deoxyribonucleic acid (DNA) sample use (as shown in Online Figure S1 ).
Fifteen adhesion proteins were measured in samples obtained at exam 2 (2002-2004) . Plasma was available for 2574 participants and, of those, serum was available for 2441 participants. Among these, 34 individuals were excluded due to CVD events prior to exam 2, 1 due to cognitive impairment, and 3 individuals were excluded due to inconsistencies between the field center where they were enrolled and their self-reported race/ethnicity. Thus, the final sample size was 2536 for plasma and 2403 for serum proteins. The MESA and its ancillary studies were approved by the institutional review board at the participating centers, and all participants gave written informed consent.
Soluble Protein Measurements
Quantitative sandwich enzyme-linked immunosorbent assays (ELISAs) were used to measure soluble proteins. Chemokine ligand 21, hepatocyte growth factor (HGF), interleukin 2 soluble receptor (IL-2 sr), matrix metalloproteinase 1 (MMP-1), MMP-2, secretory leukocyte protease inhibitor (SLPI), Ecadherin, ICAM-1, L-selectin, VCAM-1, and tissue inhibitor of metalloproteinases 2 (TIMP-2) were measured in serum, while P-selectin, regulated on activation normal T cell expressed and secreted (RANTES), stromal-derived factor 1a, and transforming growth factor b1 (TGF-b1) were measured in plasma. The interassay coefficient of variation and the minimum detectable level for each of the ELISAs, as well as the specific type of assay used, are summarized in Online  Table S1 .
Outcomes and Covariates
The ABI was measured at exam 3 (2004-2005 ) using a standardized protocol. 22 Briefly, systolic blood pressure was measured in both the left and right brachial, dorsalis pedis, and posterior tibial arteries using a handheld Doppler instrument with a 5-mHz probe. The ABI was calculated for both the left and right sides as maximum systolic blood pressure in the posterior tibial artery and dorsalis pedis divided by the average of the left and right brachial pressures. In the event that left and right brachial pressures differed by 10 mm Hg or more, the higher brachial pressure was used. If a pulse was detected when the cuff was inflated to 300 mm Hg, the ABI was classified as ''incompressible.'' For these analyses, minimum of the left and right leg ABI was used. However, we also examined associations with the ABI defined by first excluding those with ABI > 1.4 in either leg, then using the minimum of the left and right leg ABI. The ABI (continuous) and ABI category (defined as ABI 1.0 vs ABI > 1.0 according to previous findings that ABI values between 0.91 and 1.0 were associated with increased cardiovascular mortality compared to ABI > 1.0 2 ) were used as outcome variables. 2 Concurrently, detailed information on demographics, past medical history, medications, and risk factors were collected through a combination of self-administered and interviewadministered questionnaires. Body mass index (BMI) was calculated as weight (kg)/height 2 (m 2 ). Resting seated blood pressure was measured 3 times and the average of the second and third readings was used in the analyses. When the systolic blood pressure is ! 140mm Hg and the diastolic blood pressure ! 90 mm Hg, or when the use of antihypertensive medications is indicated, the condition can be considered as hypertension. 23 Diabetes was defined as any participant who self-reported a physician diagnosis, used diabetic medication, or had a fasting glucose !126 mg/dL. Triglycerides were measured in the plasma by a glycerol blanked enzymatic method, and cholesterol was measured in plasma using a cholesterol oxidase method. High-density lipoprotein (HDL) cholesterol was measured by the cholesterol oxidase method after precipitation of non-HDL cholesterol with magnesium/dextran. Low-density lipoprotein (LDL) cholesterol was calculated in samples having a triglyceride <400 mg/dL via the Freidewald equation. Glomerular filtration rate (GFR) was estimated using the Chronic Kidney Disease (CKD) Epidemiology Collaboration formula. 24 
Statistical Analysis
Univariate associations of population characteristics and of each protein with ABI category were assessed by t test, Wilcoxon, or w 2 test as appropriate, and with ABI using linear regression. The ABI was approximately normally distributed, so no transformations were used in analysis. All adhesion proteins were modeled per standard deviation (SD) after verifying there were no departures from linearity using generalized additive models with a smoother that fits cubic B-splines. To assess multivariable associations of each protein with the ABI, linear regression was used; for ABI category (ABI 1.0, ABI > 1.0), logistic regression was used. In both analyses, participants with ABI > 1.4 were excluded. Staged models were used to assess potential covariates and confounders. The first model consisted of age, sex, field site, and race/ethnicity as adjusting covariates; in the fully adjusted model BMI, ever smoking, diabetes, and hypertension status; estimated GFR (eGFR), HDL, and LDL cholesterol; and triglycerides were added.
Results
Population Characteristics
Among 2536 participants, 172 had missing values for ABI at exams 3 and 23 presented with poorly compressible arteries (ABI > 1.4). Of the remaining 2341 participants, 261 had an ABI 1.0, and 79 of these had an ABI 0.90. Table 1 shows population characteristics for ABI category. Significant differences were found for age, sex, and race/ethnicity between the 2 groups; participants with ABI 1.0 were more likely to be females, older, and African American compared to participants with ABI > 1.0. Furthermore, those with ABI 1.0 were more likely to have any history of smoking, diabetes, and/or hypertension and have CKD, although mean eGFR was similar in the 2 groups, suggesting that the majority of patients had mild CKD. As shown in Table 2 and Online Table S2 , the mean levels of the majority of adhesion proteins were significantly higher in those with ABI 1.0. Correlation coefficients for adhesion proteins are shown in Online Table S3 .
Adhesion Proteins and ABI
Soluble P-selectin, HGF, and SLPI were significantly associated with ABI (Table 3 ). In the fully adjusted model, higher levels of soluble P-selectin or SLPI was associated with a lower value for ABI of 0.008 (P ¼ .0004 and .002, respectively); higher levels of soluble HGF with lower ABI level of 0.009 (P ¼ .001). Among MMPs, MMP-1 was associated with ABI; specifically, ABI was 0.005 lower per each SD higher MMP-1 levels (P ¼ .05). The same reduction in ABI was observed in the fully adjusted model for each SD higher levels or RANTES (P ¼ .02). Among other circulating factors involved in the adhesion pathway, significant results were obtained for TGFb1 and IL-2 sr (adjusted b ¼ À.005, P ¼ .02; adjusted b ¼ À.005, P ¼ .04, respectively). Soluble L-selectin showed an inverse association in the unadjusted model only; for each SD higher levels of soluble L-selectin levels, ABI was higher by 0.005 (P ¼ .03). Similarly, E-cadherin was directly associated with ABI only in the unadjusted model (b ¼ À.006, P ¼ .007).
The additional adjustment for the number of pack-years in ever smokers did not significantly modify these associations (data not shown).
To assess race/ethnic heterogeneity, a formal interaction model adjusting for age, sex, and field site was used. A significant interaction was observed for HGF (P ¼ .004). In minimally adjusted models, the association of HGF with the ABI was significant among African Americans (P < .001) but not for non-Hispanic whites (P ¼ .20), Chinese (P ¼ .97), and Hispanic (P ¼ .25) Americans. In fully adjusted models, however, the association of HGF with the ABI was significant for both non-Hispanic whites (P ¼ .04) and African (P < .001) but not among Chinese (P ¼ .54) and Hispanic (P ¼ .96) Americans. There were no significant interactions for any other adhesion protein by race/ethnicity for the ABI (all Ps > .10). Similar results were obtained in the sensitivity analysis using a slightly different method to derive the ABI (excluding patients with ABI > 1.4 in either leg then using the minimum of the left and right ABI).
Soluble Adhesion Proteins and ABI Categories
In the fully adjusted model, including age, sex, race/ethnicity, field center, CKD, and traditional CVD risk factors, HGF, Pselectin, and SLPI were associated with ABI 1.0. Each SD increase in HGF was associated with 20% greater odds of ABI 1.0 compared to ABI >1.0 (95% confidence interval [CI] 1.04-1.39; P ¼ .01). Similarly, a 26% and a 19% greater odds of ABI 1.0 were found per 1 SD increase in P-selectin and SLPI, respectively (95% CI, 1.10-1.46; P ¼ .001 and 95% CI, 1.03-1.37; P ¼ .02) as shown in Table 3 . In addition, RANTES and IL-2 sr were associated with ABI 1.0. In particular, the adjusted OR (95% CI) were 1.14 (1.01-1.28), P ¼ .03 for RANTES; and 1.15 (1.01-1.30), P ¼ .04 for IL-2 sr. Finally, E-cadherin was only associated with ABI 1.0 in the minimally adjusted model including age, sex, race/ethnicity, and field center (OR [95% CI] 1.20 [1.06-1.37]; P ¼ .004). Again, these associations were attenuated but still significant after adjustment for number of pack-years. In models adjusted for age, sex, and field site, there was no evidence of significant interactions of any adhesion protein by race/ethnicity for ABI category (all Ps > .20).
Discussion
In this study, we found a significant association between proteins involved in the adhesion pathway and ABI, independent of traditional cardiovascular risk factors. In particular, we found that higher levels of soluble P-selectin, HGF, SLPI, RANTES, and IL-2 are associated with lower ABI and lower ABI category, independent of the traditional cardiovascular risk factors. P-selectin is expressed in endothelial cells and platelets during inflammation. Despite the higher levels of soluble Pselectin that were found among patients with PAD in casecontrol studies, 25, 26 previous population studies assessing the association of this protein with PAD or ABI found null results. In particular, in the Framingham Offspring Study, a predominantly white population, soluble P-selectin was not associated with PAD defined using ABI categories or with reported intermittent claudication. 27 Similar results were obtained in a European study conducted by Bennet et al among African Caribbean and South Asians 28 ; of note, significant differences in soluble P-selectin levels were found in this study among the 2 races/ethnicities. Both studies defined PAD as ABI <0.9. In contrast, in our population, soluble P-selectin was associated with both lower levels of ABI and lower ABI category. These inconsistencies might be due to the differences in population characteristics or in the threshold used. Another possible explanation could be that the power to detect an association was limited by the sample size in previous studies. In fact, the number of PAD cases was 111 in the Framingham Offspring 27 population and only 69 in the study by Bennet et al. 28 The HGF is a pleiotropic factor that promotes angiogenesis, among other functions including cell growth regulation, antiapoptotic effects, and reduction of fibrosis. 29, 30 Recently, the efficacy and safety of gene therapy with HGF have been studied in the context of therapeutic angiogenesis for patients with PAD. 31 Gene therapy with HGF was shown to improve ABI and reduce pain and ischemic ulcer size in patients with critical limb ischemia. 32 In case-control studies, high levels of this protein have been found in individuals with PAD compared to controls. 33, 34 Similarly, we found that higher levels of HGF are associated with lower ABI and lower ABI category. While a protective association would have been expected considering the proangiogenic activity of this factor, high levels of circulating HGF have been previously associated with diseases of the cardiovascular system, namely, stroke, 35 coronary artery disease, 36, 37 and heart failure. 38, 39 It has been hypothesized that high HGF levels in patients with chronic CVD represent an adaptive mechanism that is not capable of completely restoring blood flow or that among the pleiotropic functions of this growth factor some are beneficial and some detrimental for the cardiovascular system. 40 Interestingly, we found significant differences in the association of HGF with ABI among races/ ethnicities; in particular, the association between ABI and HGF appeared to be stronger among African Americans.
The SLPI is a leukocyte protease inhibitor that reduces ischemia/reperfusion damage due to its antiinflammatory action. In fact, this protein inhibits neutrophil protease and downregulates other inflammatory proteins. 41, 42 At the same time, this protein is implicated in wound healing and matrix remodeling, as it is an inhibitor of elastase. 43 High levels of SLPI were detected in patients with acute ischemic stroke and were inversely associated with ischemic damage. 44 We report an association of SLPI with lower ABI and lower ABI category. This could be explained by the chronic activation of inflammatory pathways in these patients, leading to an increase in this inhibiting protein, reflecting a failure of the antiinflammatory mechanisms.
Both RANTES and IL-2 sr were associated with ABI and ABI category, albeit less significantly. The RANTES is a chemokine involved in homing of leukocytes to inflammatory sites, while IL-2 sr is the soluble form of the receptor for IL-2, a cytokine primarily associated with T-lymphocyte function. These proteins are secreted in response to inflammation, which in turn has a pivotal role in the pathogenesis of PAD. 8 Finally, higher levels of MMP-1, a metalloproteinase; TGF-b1, a multifunctional growth factor regulating immune cells activity; and E-cadherin, an ICAM were associated with lower ABI; the association was attenuated but still significant after adjustment for traditional PAD risk factors. While some evidence exists on the role of these proteins in atherosclerosis, [45] [46] [47] they haven't been previously studied in the context of PAD and they have been rarely measured in large and diverse populations.
Interestingly, we found no association between soluble ICAM-1 or VCAM-1 and ABI. In the Physician Health Study, similar results were observed for VCAM-1, but a positive association was found between higher levels of soluble ICAM-1 at baseline and the development of symptomatic PAD during the follow-up period. 15 Similarly, in the Edinburgh Artery Study, higher levels of soluble ICAM-1, but not of VCAM-1, were associated with a reduction in ABI over time. 10 Our results are concordant with findings of the Rotterdam study, where no cross-sectional association was found between the ABI and either protein. 48 It is possible that the levels of soluble ICAM-1 predict PAD development over time and that the cross-sectional nature of this study hindered our ability to detect a significant association. Alternatively, inconsistencies with previous studies may be due to differences in the study population or in the outcome definitions.
The present study has some limitations. First, the proteins were measured at a single point in time and 19 months prior to the measurement of ABI on average; nevertheless, circulating levels of these proteins were shown to be relatively stable over time. 49, 50 Second, some of the measured markers, namely, ICAM-1, VCAM-1, E-cadherin, L-and P-selectin, are cellbound proteins shed upon activation. While it is probable that the soluble levels of these proteins correlate with their expression on the cell surface, this might be an imperfect measure. Third, 15 adhesion proteins were considered in our analysis, posing the problem of multiple comparisons; the scope of this project was to explore novel markers implicated in the pathogenesis of PAD using a pathway approach and a large Multi-Ethnic population. Further studies are needed to confirm these findings. Finally, given that ABI alone does not reliably diagnose PAD in patients with noncompressible arteries (ABI > 1.4), these participants were excluded, which may have led to missing some PAD cases. Nonetheless, if this misclassification occurred, it biased our estimate toward the null hypothesis, making our approach conservative. The strengths of our study include the use of large and diverse population that is well designed to assess CVD and the focus on protein belonging to the same biological pathway. By adhering to standardized procedures and strict quality controls, the collected data have high validity and reliability.
In this study, we have showed the association of a number of novel proteins belonging to the cellular adhesion pathway with ABI and ABI category; in particular, soluble P-selectin, HGF, and SLPI are associated with lower ABI and lower ABI category. This study confirms the association between the cellular adhesion pathway and PAD within a large Multi-Ethnic population; while adding information on previously studied adhesion proteins, it broadens the current knowledge on this topic to include novel proteins. Further investigation on these promising components of the adhesion pathway is needed to shed new light on biological mechanisms involved in PAD and eventually lead to new tools for defining cardiovascular risk and preventing CVD.
